Abstract. the leukemia inhibitory factor (lIF) affects multiple types of leukemia cells in vitro through the functional lIF receptor (lIFr), which comprises a complex of the lIFr α-chain (lIFr α) and gp130. As Jak2/stAt3 has been proven to be a significant mediator in the lIF-induced differentiation of promyeloid leukemia cells, we constructed a recombinant vector, pcDnA3.0-ct3 (containing the structurally conserved triple yXXQ motifs of lIFr α, termed lIFr α-CT3), and its specific tyrosine-mutated counterpart, pcDnA3.0-MUt, to determine the sites and examine the corresponding mechanisms involved in stAt3 phosphorylation. We found that the triple yXXQ motifs of lIFr α-ct3 are capable of up-regulating phosphorylated levels of stAt3 in a Jak2-independent manner prior to the induction of myeloid differentiation by lIFr α-ct3 in the human promyeloid cell line HL-60. By specifically blocking Jak2 using the Ag-490 inhibitor, we observed that the lIFr α-ct3 group of Hl-60 cells still demonstrated up-regulation of phosphorylated stAt3 and this up-regulation could result in the myeloid differentiation of Hl-60 cells. these results may shed light on acute promyeloid leukemia therapy in future clinical practice.
Introduction
the leukemia inhibitory factor (lIF) has been cloned and purified on the basis of its capacity to induce differentiation of the M1 murine myeloid leukemia cell line (1, 2) . As a member of the Il-6 family of cytokines, lIF mediates its biological effects by binding to its receptor, which consists of a lowaffinity lIFr α-chain termed lIFr α and a high-affinity subunit termed gp130, both of which are found in other Il-6 family members (3) . these cytokines thus initiate intracellular signaling by triggering lIFr α-gp130 heterodimerization or gp130-gp130/lIFr α-lIFr α homodimerization via the Janus kinase/signal transducer and activator of transcription (Jak/stAt) pathway. In the human promyeloid cell line Hl-60, this signaling process is primarily mediated by the Jak2/stAt3 pathway (4) . stAt3 has been shown to play a central role in lIF-induced differentiation in leukemia cells (5) . generally speaking, after heterodimerization or homodimerization mediates the activation of intracellular Jak2, Jak2 phosphorylates six tyrosine residues (y) on the intracellular c-terminus of gp130. Whereas, the second membrane-distal tyrosine residue (y2) is required for recruitment of the sH2-containing phosphatase-2, any one of the four tyrosine residues (y3-y6) containing the yXXQ motif can serve as a docking site for stAt3 binding (6) . stAt3 is subsequently phosphorylated by Jak2 on y705 on the c-terminus, which leads to the formation of stAt3 dimers via reciprocal interactions of the sH2 domain and the phosphorylated y705. Upon dimerization, stAt3 translocates into the nucleus, binds to DnA and regulates target genes leading to various cellular responses (7) . While this is the canonical pathway for stAt3 activation, there have been reports claiming that stAt3 could be activated by other molecules, suggesting that the key structure in stAt3 activation is not gp130-specific, but is located on LIFR α (8) . Intriguingly, studies have shown that the intracellular amino acid 136-145 region of the distal C-terminus contains five tyrosine residues (y5) and several yXXQ motifs that are genetically conserved among gp130, lIFr α and g-csFr (9,10). thus, it is possible that free lIFr α-ct3 in the cytoplasm could also enhance or even initiate, stAt3 phosphorylation, thus triggering downstream signaling.
In our present study, we demonstrate that intracellular enrichment of lIFr α-ct3 in human promyeloid Hl-60 cells enhances stAt3 phosphorylation in a Jak2-independent manner through specific triple YXXQ motifs located on the distal C-terminus. These results confirm the bioactivity of Free LIF receptor α-chain distal cytoplasmic motifs enhance Jak2-independent STAT3 phosphorylation and induce differentiation in HL-60 cells 
Materials and methods
Cell culture, antibodies and inhibitors. the human promyeloid leukemia cell line Hl-60 was purchased from cell bank, chinese Academy of sciences (shanghai, china), and cultured as described previously (11) . Antibodies used for immunoblotting were as follows: primary antibodies against Jak2, phosphorylated Jak2 (pJak2), total stAt3 (tstAt3), phosphorylated stAt3 y705 (pstAt3) and β-actin and were all purchased from santa cruz biotechnology. FItc-conjugated goat anti-mouse antibody (green) and 4'-6-diamidino-2-phenylindole (DApI, blue) were purchased from Kangchen (shanghai, china). recombinant human lIF (hlIF) was purchased from chemicon (temecula, cA). A STAT3-specific peptide inhibitor that functions as a highly selective, potent blocker of stAt3 phosphorylation (No. 573096) and a Jak2-specific inhibitor (AG-490) were both purchased from calbiochem (la Jolla, cA).
RT-PCR, vector construction and transfection. total rnA extraction and rt-pcr were performed as described by Fang et al (12) with the following primers (synthesized by Invitrogen, shanghai, china): lIFr α-ct3: 5'-tAggAtcc gtcgAtgtAtcAgcctcAAgcA-3' (forward) and 5'-gg tctAgAAgtgAcAcggtgAcActgttAA-3' (reverse). the forward and reverse primers contained BamHI and XbaI sites, respectively, as underlined. The amplified fragments were cleaved by BamHI and XbaI and then ligated into a pcDnA3.0 vector (Invitrogen, carlsbad, cA) that had been previously digested with BamHI and XbaI, to create a recombinant vector containing lIFr α-ct3 termed pcDnA3.0-ct3. the inserted genes were verified by DNA sequencing (Invitrogen).
For the recombinant vector pcDnA3.0-MUt, overlapping extension pcr (oe-pcr) was performed to mutate the leading amino acid residue y (tyrosine) in all three yXXQ motifs contained in lIFr α-ct3 to F (phenylalanine) in order to eliminate any phosphorylation at these sites. three pairs of primers were synthesized by Invitrogen as follows: plu-1: 5'-ggggggAtcctcgAtgttccAgcc-3' (forward), pld-1: 5'-gAggtgcAtctgtggcttgAAgcc-3' (reverse); pup-2: 5'-AAgccAcAgAtgcAcctccc-3' (forward), pld-2: 5'-AttggcctgAggtctgAAAcc-3' (reverse); plu-3: 5'-AgAcctcAggccAAtgtAAA-3' (forward), pld-3: 5'-ggggtctAgAggtctAgAAgtgAc-3' (reverse). the pcrs were carried out with Pfu DnA polymerase according to the manufacturer's protocol (Fermentas, Hanover, MD). A 35-cycle pcr with standard procedures was carried out to ligate the three amplified fragments together before being verified by DNA sequencing. The end product, having a size of ~600 base pairs (bp), was then cleaved with BamHI and XbaI (as underlined) to construct pcDnA3.0-MUt using the same protocol as that used for pcDnA3.0-ct3.
three stable Hl-60 cell lines were established using Fugene 6-mediated transfection (roche, basel, switzerland). g418 selection (200 µg/ml), expressing pcDnA3.0-ct3 (ct3), pcDnA3.0-MUt (MUt) and a blank vector pcDnA3.0 (3.0) g418-resistant clones were then isolated and expanded.
Western blot analysis. the ct3, MUt and wild-type (Wt) Hl-60 cell lines were prepared by lysing cells at 1x10 7 cells/ml, rinsing with ice-cold 1X pbs for 3 times and extracting in RIPA buffer containing 1 mM sodium fluoride, 2 mM sodium orthovanadate and a cocktail of protease inhibitors (santa cruz biotechnology, santa cruz, cA). Immunoblotting was then carried out using a tricine-sDs-pAge gel as described previously (13) . For normalization of protein loading, the same membranes were processed using the same procedure with an antibody against intracellular tstAt3, Jak2 or β-actin as an internal control. The strip amounts were quantified by densitometry scanning using a gs-700 densitometer (bio-rad laboratories, Inc., cA, UsA) and were analyzed with Quantity one 4.5.2 software (bio-rad laboratories, Inc.).
Flow cytometry analysis. two differential markers of myeloid leukemia, CD11b and CD14, were measured by flow cytometry (becton-Dickinson, Franklin lakes, nJ, UsA) as previously described (14) . In brief, cells were collected, rinsed, and incubated with a monoclonal mouse anti-human pe-conjugated anti-cD11b antibody and a mouse anti-human FItc-conjugated anti-CD14 antibody for 30 min at 37˚C. The fluorescence intensity was analyzed by flow cytometry. Data were based on the examination of 1.0x10 5 cells/sample randomly selected from ~5x10 5 cells. the results were analyzed using FAcscalibur with cellQuest software version 3.0 (becton-Dickinson, san Jose, cA, UsA).
Immunofluorescence assay. the pre-staining treatment of non-adherent Hl-60 cells (~1x10 6 cells/ml) was performed as previously described (15) . the smears were incubated with a mouse anti-human pstAt3 primary antibody diluted in blocking serum (1:50), incubated for 30 min at 37˚C and then rinsed three times for 5 min each in 4X ssc/0.1% tween-20. the blocking step was repeated before smears were incubated with a FItc-conjugated secondary antibody diluted in blocking solution (1:200) and subsequently rinsed as previously described. the smears were mounted in antifade solution for analysis. the nuclei of the Hl-60 cells were counterstained with DAPI, visualized by a fluorescence microscope (Leica, Wetzlar, Germany) with a x630 magnification and were photographed using a charge-coupled camera.
Statistical analysis. All studies were performed a minimum of three times, and the data are expressed as the mean ± SEM. The results were considered statistically significant if the p-value was <0.05 as determined by one-way AnovA or t-tests.
Results
The triple YXXQ motifs of LIFR α-CT3 are overexpressed in HL-60 cells. the full-length lIFr α-ct3 consists of 118 amino acid residues. to produce an overexpression model for lIFr α-ct3 in Hl-60 cells, an expression vector, pcDnA3.0-ct3 (ct3), was constructed. A recombinant vector with the y residue in all three yXXQ motifs contained in lIFr α-ct3 mutated to F (MUt) was also constructed as the control (Fig. 1A) . After stable transfection and g418 selection, the protein levels of the Wt, 3.0, MUt and ct3 groups were determined by immunoblotting (Fig. 1b) . When probed with the lIFr c-terminal antibody, both the MUt and ct3 groups showed a lIFr α-CT3-specific protein band (~15 kDa) in addition to the endogenous lIFr α (~190 kDa). For the MUt group, the appearance of a ~15 kDa band could be reasonably attributed to intact lIFr c-terminal antibody binding sites, despite the presence of three amino acid mutations. the 3.0 and Wt groups, however, exhibited a single endogenous protein band (~15 kDa). Densitometry analysis of the immunoblotting results (Fig. 1C) confirmed that the expression of the 15-kDa protein in the CT3 group was significantly higher than that in the 3.0 (p<0.05) and the Wt (p<0.05) groups. the data provide evidence that lIFr α-ct3 is overexpressed in Hl-60 cells.
The triple YXXQ motifs of LIFR α-CT3 enhance STAT3 phosphorylation. our laboratory previously reported that homodimerization of the entire lIFr α cytoplasmic region can promote y705 phosphorylation and inhibit the proliferation of Hl-60 cells (13) . to explore the phosphorylating sites and protein level changes caused by lIFr α, we compared the levels of pSTAT3 using a phospho-specific Y705 antibody in the ct3, Wt, 3.0 and MUt groups in addition to cells that were directly stimulated with lIF in vitro at a final concentration of 100 ng/ml (Fig. 2A) . tstAt3 and pstAt3 were detected in all protein lysates, which is consistent with a Hl-60 cells were incubated in serum-free medium for 5 h and treated with hlIF (100 ng/ml) for 30 min prior to being prepared as described (13) . Western blot analysis (A) and corresponding densitometry analysis (b) were carried out using an antibody against y705 phospho-stAt3 (pstAt3) and re-stained with an antibody against total stAt3 (tstAt3) as an internal control. values are the means ± seM (n=3 for each group). * p<0.05 when compared with the other groups. (c) the intracellular distribution of pstAt3 among the Hl-60 cell groups is shown using immunofluorescence microscopy. The CT3 group exhibited a greater fluorescence intensity in the nucleus when labeled with an antibody specific for y705 pstAt3 as compared to the other groups. DApI was chosen to counterstain the nuclei of the HL-60 cells. Magnification, x630. previous report confirming that STAT is consecutively activated among hemopoietic tumors (16) . However, only the ct3 group exhibited a significantly higher level of pSTAT3. In particular, the lIF group showed no observable pstAt3 up-regulation in the Hl-60 cells, which agrees with the well-established theory that, when acting alone, lIF has no observable effects on the number, size or morphology of colonies formed by Hl-60 (17) .
Results from immunofluorescence microscopy analysis show the intracellular pstAt3 distribution among the Hl-60 groups (Fig. 2c) . Intracellular pstAt3 was up-regulated in the ct3 group but not in the other groups.
STAT3 phosphorylation in LIFR α-CT3
+ HL-60 cells is Jak2-independent. to provide additional evidence that free lIFr α-ct3 in the cytoplasm is responsible for stAt3 activation, a Jak2-specific inhibitor, tyrphostin AG-490, was used to block endogenous stAt3 y705 phosphorylation (18) . All groups of Hl-60 cells were treated as described in Materials and methods and subsequently processed for Western blot analysis (Fig. 3A) . Densitometry analysis confirmed that the levels of pstAt3 were uniquely elevated in the ct3 group compared to the other groups, even after blocking of endogenous pstAt3 mediated by pJak2 (>85%) in all Hl-60 cells (Fig. 3b and c) . these results suggest that lIFr α-ct3 is responsible for enhanced pstAt3 levels in Hl-60 cells independently of Jak2 and that this specific effect is stronger than when hlIF is directly administered to leukemia cells in vitro.
LIFR α-CT3-induced up-regulation of pSTAT3 promotes differentiation of HL-60 cells.
to further delineate the effects of lIFr α-ct3-related pstAt3 up-regulation on Hl-60 cell differentiation, we analyzed all five groups of HL-60 cells using FAcscalibur with the cellQuest program to quantify the levels of surface promyeloid differentiation markers, such as cD14 and cD11b (Fig. 4A) . the results suggest that the myeloid lineage of the ct3 group was more differentiated than that of the other four groups due to the statistically higher expression of both cD14 and cD11b.
to determine the role of stAt3 in promyeloid leukemia, we used a cell-permeable stAt3-specific inhibitor at the recommended dosage (25 µM) (19) . As shown in Fig. 4b-D , while the inhibition of pSTAT3 was highly efficient among the groups (>85%, Fig. 4c and D) , the ct3 group exhibited a restoration of malignancy, as represented by the increased expression of cD11b and cD14 compared to the same groups that were not administrated with stAt3-inhibitor. these results suggest that the higher level of pstAt3 is pivotal in the ct3 group and is closely associated with myeloid leukemia differentiation. the pstAt3 intracellularly activated by lIFr α-ct3 independently of Jak2 is biologically active in the induction of leukemia cell differentiation.
Discussion
In the present study, we identified the phosphorylating sites of lIFr α-ct3 and demonstrated that its intracellular enrichment by transfection could activate Jak2-independent stAt3 phosphorylation and induce myeloid differentiation of Hl-60 cells.
several studies have shown that constitutive stAt3 activation is inevitable in gp130-mediated myeloid differentiation or in growth arrest of M1 leukemia cells induced by lIF/Il-6 (20) (21) (22) . However, tomida et al demonstrated that the yXXQ motifs of lIFr, which are homologous to those present in gp130, could likewise generate signals for growth arrest and differentiation of myeloid leukemia cells (23) . Unlike the toxic effects of lIF on leukemia cells when directly applied (24) , our data show that overexpression of lIFr α-ct3 in the cytoplasm could result in lIF-like differentiation effects on Hl-60 cells.
pstAt3 up-regulation has been associated with pathological lesions in myeloid leukemia patients and recent studies + Hl-60 cells is Jak2-independent. (A) the Wt, 3.0, MUt and ct3 groups were starved in serum-free medium prior to addition of the Jak2-specific inhibitor, AG-490 (100 µM), for 24 h and then harvested for Western blot analysis (18, 30, 31) . For the lIF group, Ag-490 was added to starving Hl-60 cells in serum-free medium (100 µM) for 24 h and rinsed three times with ice-cold 1X pbs before treatment with hlIF (100 ng/ml) for 30 min prior to processing. the pJak2 and pstAt3 y705 levels in the total cell lysates were determined by Western blot analysis. Jak2 and tstAt3 were used as loading controls, respectively. Values are the means ± SEM (n=3 for each group). (B) The efficacy of AG-490 (100 µM, 24 h) in inhibiting pJak2 was significant (>85%); * p<0.05 when the Ag-490(+) sample is compared with the Ag-490(-) control for each of the groups. (c) Following the treatment of Ag-490 (100 µM, 24 h), densitometry analysis was applied to evaluate its effect on endogenous pstAt3. # p<0.05 when the ct3 group is compared with the other groups.
have shown that stAt3 and/or stAt5 may be ideal targets for anti-cancer drugs (22, 25, 26) . We have observed that the levels of pstAt3 are relatively high in all leukemia cells (9, 22, 27) , which is consistent with previous reports. After adding a specific Jak2 inhibitor to the culture media, all groups except the ct3 group showed a significant decrease in pSTAT3 levels. This observation indicates that i) the involvement of Jak2 can lead to endogenous stAt3 phosphorylation in Hl-60 cells and can be effectively inhibited by Ag-490 and ii) enrichment of lIFr α-ct3 can enhance phosphorylation of intracellular stAt3 and cannot be inhibited by a Jak2-specific inhibitor. these observations provide evidence of a novel Jak2-independent mode for triggering stAt3 activation in Hl-60 cells. Upon the discovery of lIF, the up-regulation of pstAt3 was observed to result in the terminal differentiation of Hl-60 cells (28) . While stAt3 phosphorylation is generally considered a subsequent outcome of Jak2 phosphorylation, its indirect activation in the cytoplasm by a single mediator may still be possible (10) . this fact prompted us to examine whether we could enhance the activation of the lIF-related pathway to increase the efficiency of leukemia cell differentiation while avoiding the significant side effects that accompany the direct administration of lIF to target cells (24) . In our study, we found that the ct3 group, compared to the other groups, showed a greater tendency to differentiate along the myeloid lineage upon pstAt3 up-regulation. our follow-up experiments further confirmed that the active site for these changes is lIFr α-ct3. Interestingly, after stAt3 phosphorylation was blocked by a pharmacological inhibitor, a slight decrease in cD11b and cD14 levels was observed, indicating a modest positive correlation between pstAt3 and the differentiation tendency of Hl-60 cells. Flow cytometry analysis of myeloid differentiation markers, CD11b and CD14, before and after addition of the STAT3-phosphorylation-specific inhibitor (25 µM) to serum-free medium for 8 h (19, 32) . For the LIF group, the STAT3-phosphorylation-specific inhibitor (25 µM) was added to starving HL-60 cells in serum-free medium for 8 h and rinsed three times with ice-cold 1X pbs followed by treatment with hlIF (100 ng/ml) for 30 min prior to being processed. the data represent three independent experiments. (c and D) pSTAT3 Y705 levels in total cell lysates were confirmed by Western blot analysis and corresponding densitometry analysis. tSTAT3 was chosen as a loading control. values are the means ± seM (n=3 for each group). p>0.05 when compared with the other groups.
In the present study, transfection was performed to overexpress lIFr α-ct3 in Hl-60 cells. this technique could be improved, or replaced, by more novel methods, to avoid liposome involvement in cases of human genomic modification (data not shown). Our findings clearly demonstrate the ability of free cytoplasmic lIFr α-ct3 to differentiate Hl-60 cells via stAt3 phosphorylation. nevertheless, the structural demands of recruiting stAt3 for phosphorylation still remain largely unexplored.
In conclusion, this study provides evidence that the most distal motifs of the lIFr α c-terminus can induce myeloid differentiation of Hl-60 leukemia cells by enhancing Jak2-independent stAt3 phosphorylation. As all-trans retinoid acid (AtrA) is currently the most widely applied clinical prescription for acute myeloid leukemia (AMl) and acute promyeloid leukemia (Apl), in spite of the risk of inducing the AtrA syndrome (29) , the in vitro experiments presented herein demonstrate a potential molecular therapy with a purpose similar to AtrA, inducing the differentiation of leukemia cells instead of eliminating them. the introduction of lIFr α-ct3-related domains by genomic modification or by other methods such as oligopeptide transduction may provide a promising novel therapeutic strategy for future treatment of AMl/Apl.
